The kinetics of proton transport through mammalian UCP1 (uncoupling protein 1) expressed in yeast mitochondria were measured. There was little or no UCP1 activity in the absence of added palmitate, but significant activity in its presence. The activator 4-HNE (4-hydroxy-2-nonenal) had little effect when added alone, but significantly enhanced proton conductance in the presence of added palmitate. Activation of the proton conductance of UCP1 was synergistic: proton conductance in the presence of both palmitate and 4-HNE was significantly greater than the sum of the individual effects. Mitochondria from control yeast transformed with empty vector showed no such synergy, showing that synergy is a property of UCP1. Activation by the 4-HNE analogue trans-cinnamate showed essentially the same characteristics as activation by 4-HNE. Mitochondria from brown adipose tissue also showed synergistic activation of GDP-sensitive proton conductance by palmitate and 4-HNE. These results show that reactive alkenals activate the proton conductance of UCP1 more strongly when fatty acids are also added, with implications for both mechanistic and physiological models of UCP1 activation.
INTRODUCTION
Reactive oxygen species and their lipid peroxidation products (e.g. reactive alkenals) are historically considered deleterious, mainly due to their reactivity with nucleic acids and lipid bilayer components, leading to cellular damage [1] . It has been proposed, however, that these molecules can also act as secondary messengers in the cell, mediating important physiological processes [2] . Products of lipid peroxidation such as 4-HNE (4-hydroxy-2-nonenal) and related reactive alkenals have been identified as biological signals for the activation of mild mitochondrial uncoupling via UCPs (uncoupling proteins) [3] . The ancestral function of this activation may be to lower reactive oxygen species production by the respiratory chain complexes [4, 5] .
UCP1 is a well-characterized member of the UCP family. UCP1 catalyses adaptive thermogenesis in mammalian brown adipose tissue by greatly increasing the proton conductance of the mitochondrial inner membrane. When appropriately activated, the leak of protons through this proton conductance pathway uncouples substrate oxidation from phosphorylation of ADP to ATP, leading to fast oxygen consumption and ultimately to heat production [6] . The classic activators of UCP1 are fatty acids, although the proposed mechanisms by which they activate remain controversial.
The activation of UCPs by reactive alkenals was first discovered in connection with the observation that superoxide activates the proton conductance of UCPs [7] . More recently, it was proposed that superoxide, as well as the activators ubiquinone [8, 9] and AAPH [2,2 -azobis-(2-methyl propionamidine) dihydrochloride; a carbon-centred radical generator] [10] , work indirectly on UCPs by generating carbon-centred radicals on polyunsaturated fatty acyl chains of phospholipids in the mitochondrial inner membrane [10, 11] . The lipid peroxides produced by oxidation of these radicals autocatalytically release 4-HNE, which is proposed to be the direct activator of the UCPs [10, 12] . Other activators, such as trans-retinoate [13] , trans-cinnamate, trans-retinal [3] and TTNPB {4-[(E)-2- (5,6,7,8-tetrahydro-5,5,8,8 -tetramethyl-2-naphthalenyl)-1-propenyl]benzoic acid} [13, 14] , are proposed to act as 4-HNE analogues, although retinoids and TTNPB may have additional effects due to their similarity to fatty acids [12] .
In the present paper, we analyse the interrelationships between fatty acid and reactive alkenal activation of UCP1 proton conductance in isolated mitochondria. For this purpose, we expressed the protein in wild-type yeast, and assayed proton transport activity in isolated mitochondria. We show that in the absence of fatty acids, 4-HNE has little or no activatory effect on the proton conductance of UCP1 in yeast mitochondria. However, when fatty acids are present to partially activate UCP1, addition of 4-HNE causes a significant additional increase in UCP1-dependent proton conductance. The same observation was made using mitochondria isolated from brown adipose tissue. The interpretation of these observations and other results in the literature leads to the proposal of a dual site model for UCP1 activation, in which fatty acids and reactive alkenals activate proton conductance synergistically.
EXPERIMENTAL Expression of UCP1 in Saccharomyces cerevisiae
Cells of the S. cerevisiae wild-type strain CEN.PK2-1C [15] were transformed with either a mouse UCP1 expression construct or a plasmid containing an empty vector, using an Sc EasyComp transformation kit (Invitrogen). The UCP1 expression construct used in the present study (pBF307, modest UCP1 expression) and the empty vector plasmid (pBF254) were constructed and used previously [16, 17] .
Precultures of the transformed yeast cells were grown at 30
• C in an orbital shaker (220 rev./min; 18-24 h) in selective lactate 
Isolation of mitochondria
Yeast mitochondria were isolated according to a previously published method [11] . Yeast cells from cultures grown at 30
• C with a D 600 of 0.8-1.1 were harvested by centrifugation at 2900 g (16 min) at 20-23
• C, resuspended in deionized water and recentrifuged. Pellets were resuspended in a buffer containing 100 mM Tris/HCl and 20 mM dithiothreitol (pH 9.3), and incubated at 30
• C in an orbital shaker (220 rev./min; 10 min). Cells were re-centrifuged and washed twice in a buffer containing 100 mM Tris/HCl and 500 mM KCl (pH 7.0), and then resuspended in 1 ml of iso-osmotic spheroplasting buffer (40 mM citric acid/120 mM Na 2 HPO 4 /1.35 M sorbitol/1 mM EGTA, pH 5.8) per 1 g of cells. Lyticase was added (at 3 mg/g wet weight of cells), and the suspension was incubated at 30
• C (10-15 min) in an orbital shaker (220 rev./min). Subsequent steps were performed at 4
• C. Spheroplasts were pelleted, washed twice in approx. 30 ml of a buffer containing 10 mM Tris maleate, 0.75 M sorbitol, 0.4 M mannitol, 2 mM EGTA and 0.1 % (w/v) defatted BSA (pH 6.8) and then resuspended in 30 ml of isolation buffer (10 mM Tris maleate/0.6 M mannitol/2 mM EGTA/1 mM EDTA/ 0.5 mM Na 2 HPO 4 /1 % BSA, pH 6.8) with Complete TM protease inhibitor (one tablet per 40 ml of buffer; Boehringer Mannheim). The resuspended pellets were further homogenized by 12 passes with a Wesley Coe homogenizer (clearance 0.54 mm), and homogenates were centrifuged at 800 g (10 min). The supernatants were recovered by pipette, and the pellets were resuspended in a small volume of isolation buffer and re-centrifuged at 800 g (10 min), to collect mitochondria still retained in the pellet. Supernatants were combined and centrifuged three times at 800 g (10 min), and the pellets were discarded. The resultant supernatants were centrifuged at 11 000 g (10 min). The mitochondrial pellets were washed in a buffer containing 10 mM Tris maleate and 0.65 M sorbitol, pH 6.8, and centrifuged at 11 000 g. The final pellet was resuspended in 150-300 µl of the same buffer. The protein content of mitochondria was assayed using the Bio-Rad DC modified Lowry protein assay, with BSA as protein standard.
Brown adipose tissue mitochondria were isolated essentially as described in [3] . Briefly, interscapular, subscapular and aortic brown adipose tissues were taken from six 7-8-week-old female rats (housed at 25
• C). Subsequent steps were carried out at 4
• C. Tissue was placed in STE buffer (250 mM sucrose/5 mM Tris/HCl/2 mM EGTA, pH 7.4) supplemented with 1 % defatted BSA, minced, homogenized in STE + BSA buffer with 10 strokes of a Dounce homogenizer and filtered through two layers of gauze. The filtrate was centrifuged at 8500 g (10 min) and the pellet was resuspended in STE + BSA and centrifuged at 700 g (10 min), and the supernatant was then centrifuged at 8500 g (10 min). The mitochondrial pellet was suspended in STE, re-centrifuged and finally resuspended in 500-600 µl of STE. Protein concentration was determined by the biuret method.
Proton leak kinetics of yeast mitochondria
The kinetic response of the proton conductance pathway to its driving force (i.e. the proton-motive force) is appropriately expressed as the relationship between the rate of oxygen consumption driving proton leak and the membrane potential (under conditions where the pH component of proton-motive force is converted into membrane potential). The mitochondrial membrane potential can be varied by titration with electron transport chain substrates (or alternatively by titration with respiratory chain inhibitors, in the presence of excess substrate), and proton leak kinetics under different situations can be studied.
Respiration rate and membrane potential were measured simultaneously at 30
• C, using electrodes sensitive to oxygen (Clarktype) and to the potential-dependent probe TPMP + (triphenylmethylphosphonium cation) [18] . The oxygen electrode was calibrated with air-saturated electrode buffer, assumed to contain 424.8 nmol of O/ml at 30
• C [19] . Mitochondria (0.6 mg of protein/ml) were incubated in 2.5 ml of electrode buffer (20 mM Tris/HCl/450 mM sorbitol/100 mM KCl/0.5 mM EGTA/ 5 mM MgCl 2 /10 mM K 2 HPO 4 /0.1 % defatted BSA, pH 6.8), after addition to the medium of 3 µM myxothiazol (inhibitor of the cytochrome bc 1 complex), 10 µg/ml oligomycin (to prevent ATP synthesis, allowing all measured proton conductance to be due to proton leak processes) and 1 µg/ml nigericin (to collapse the pH difference across the mitochondrial inner membrane, leaving all proton-motive force in the form of membrane potential). The electrode chamber was closed, avoiding air bubbles, and subsequent additions were made by microsyringe through a small channel. The TPMP + electrode was calibrated with sequential additions of 1 µM TPMP + , up to a final concentration of 4 µM. Mitochondria were incubated for a total of 4 min before the first addition of substrate. Respiration and membrane potential were progressively stimulated through successive steady states by addition of the respiratory substrate D-lactate (an electron donor to cytochrome c in yeast mitochondria), in steps up to 2.2 mM final concentration. FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone; 5 µM) was added at the end of each run to dissipate the membrane potential and release all TPMP + to the medium, allowing linear baseline correction for any small electrode drift. A second addition of 5 µM FCCP allowed estimation of the small correction for direct effects of the uncoupler on the TPMP + electrode signal. For calculation of membrane potential, binding of TPMP + to the mitochondrial membrane needs to be corrected for. The TPMP + binding correction and matrix volume of haploid yeast mitochondria were measured by Dr E. J. Cornwall and Dr J. L. Pakay (MRC Dunn Human Nutrition Unit, Cambridge, U.K.) according to protocol 6 of [18] , which corrects the accumulation ratio of radiolabelled TPMP + to the accumulation ratio for 86 Rb (which does not bind to the mitochondrial membrane) measured over a range of membrane potentials. The TPMP + binding correction was 0.4, and the mitochondrial matrix volume was 1.8 µl/mg [20] .
Proton leak kinetics of brown adipose tissue mitochondria
The proton leak kinetics of brown adipose tissue mitochondria were measured at 37
• C following the same principles described above. Electrode buffer was assumed to contain 406 nmol of O/ml at 37
• C [19] ; the TPMP + binding correction was from [18] . Brown adipose tissue mitochondria (0.35 mg of protein/ml) were incubated in 3.5 ml of assay medium (50 mM KCl/5 mM Hepes/1 mM EGTA/4 mM KH 2 PO 4 /1 % defatted BSA, pH 7.2) and the TPMP + electrode was inserted, sealing the chamber. The medium was supplemented with 80 ng/ml nigericin, 10 µg/ ml oligomycin and the Complex I (NADH:ubiquinone oxidoreductase) inhibitor rotenone (5 µM). The TPMP + electrode was calibrated as described above but using five 0.5 µM additions of TPMP + . Mitochondria were energized by addition of 10 mM glycerol 3-phosphate as substrate and, after 2.5 min, membrane potential was decreased in steps with sequential additions of cyanide (50 mM KCN in 0.5 M Hepes) (14.3-228.6 µM).
Free (unbound) palmitate levels in the medium
The free palmitate concentration in a medium containing BSA in the presence and absence of 4-HNE or trans-cinnamate was determined using the fluorescence probe ADIFAB (acrylodated intestinal fatty acid binding protein; Invitrogen), according to the supplier's instructions. Knowing the K d of the conjugate for palmitate (320 nM at 37
• C [21] ) and the fluorescence intensity of unbound indicator at 432 nm, the free (unbound) fatty acid concentration was calculated using the equation in [21] .
Free fatty acids were measured using conditions approximating to those of measurements of proton leak kinetics. ADIFAB (0.2 µM) was added to 2 ml of electrode buffer with 0.01 % defatted BSA in a quartz cuvette (10 mm × 10 mm; Hellma) at 30
• C, and fluorescence was measured at 432 nm using an RF-5301PC spectrofluorophotometer (Shimadzu). Palmitate (0.5 µM) and 0.35 µM cinnamate or 32 µM 4-HNE were added to the cuvette, and changes from the initial fluorescence intensity were recorded 6 min after each addition.
Palmitate bound to mitochondria
Changes induced by 4-HNE and trans-cinnamate in palmitate bound to BSA in the medium were assessed indirectly by measuring the binding of palmitate to a convenient hydrophobic phase assumed to be in equilibrium with palmitate in the medium: fresh rat liver or kidney mitochondria (see [7, 22] for isolation methods). Binding was determined according to modifications of a reported method [23] under conditions identical with those of proton leak measurements. Mitochondria (0.6 mg of protein) were added to microfuge tubes containing 1 ml of electrode buffer (containing 0.1 % defatted BSA, 3 µM myxothiazol, 10 µg/ml oligomycin, 1 µg/ml nigericin and 4 µM TPMP + ) at 30 • C, followed by 0.4 µCi/ml [U- 14 C]sucrose and 50 µM palmitate containing 1.5 µCi/ml [9,10(n)-3 H]palmitate. Where appropriate, 150 µM 4-HNE or 150 µM cinnamate was also added. Tubes were vortex-mixed for 5 s and incubated at 30
• C for 7 min, mixing by inversion every 2 min. Mitochondria were centrifuged at 10 000 g, and 50 µl of supernatant was recovered and placed in a scintillation vial. The remaining supernatant was discarded and any remaining liquid was carefully removed using tissue paper. The mitochondrial pellet was resuspended in 50 µl of 20 % (v/v) Triton X-100, by vortex-mixing. The bottom of the microfuge tube containing the resuspended pellet was cut and placed into a scintillation vial. Scintillation cocktail (4 ml; Ultima Gold TM ; Packard Biosciences) was added to each vial (containing either supernatant or resuspended mitochondria), and mixed by inversion. Radioactivity was determined using a PerkinElmer Liquid Scintillation analyser, Tri-Carb 2800 TR, and from the data obtained, the concentration of palmitate bound to mitochondria (nmol per mg of mitochondrial protein) was determined.
Statistics
Points on proton leak curves represent average values (with S.E.M.) obtained for that point on different days. To construct proton leak rate bar graphs and allow statistical testing, the respiration rate under each condition was taken at the highest potential common to all conditions on a given day, i.e. the state 4 membrane potential in the presence of UCP1, alkenal and palmitate. Respiration values at this potential under other conditions were obtained by linear interpolation between flanking points. For empty vector, values were taken at the mean highest common potential for UCP1-containing yeast. Means for these values (with S.E.M.) are plotted in the bar graphs with the mean value for the highest common potential indicated, and differences between mean respiration values for different days were tested for significance by paired Student's t test, assuming equal variance.
Chemicals
Potassium D-lactate (stored at − 20
• C) and sodium GDP (prepared fresh every day) were dissolved in deionized water; palmitic acid, trans-cinnamic acid, trans-hydrocinnamic acid, myxothiazol, nigericin, oligomycin and FCCP were dissolved in 100 % ethanol and stored at − 20
• C. Defatted BSA contained less than 0.005 % (w/w) fatty acids. Chemicals were from Sigma unless stated otherwise. Radiochemicals were from Amersham International.
RESULTS

UCP1 activity in yeast mitochondria in the absence of added fatty acids
The proton leak kinetics of yeast mitochondria containing UCP1, measured as the oxygen consumption rate needed to drive proton leak as a function of the driving force, mitochondrial membrane potential, have been characterized previously [3, 7, 11, 17] . Figure 1 shows the classic non-Ohmic proton leak kinetics of yeast mitochondria: proton leak rate increases steeply at higher membrane potentials. As previously reported [17] , expression of modest amounts of mouse UCP1 from plasmid pBF307 did not greatly change the proton conductance. This is shown by the relatively small increase in proton leak rate at any given potential in mitochondria from yeast expressing UCP1 ('UCP1-containing mitochondria') ( Figure 1a ) compared with mitochondria from yeast transformed with empty vector ('empty vector mitochondria') ( Figure 1b) . UCP1 was almost inactive in yeast mitochondria under conditions of no added fatty acids or alkenals, since GDP, the classic UCP1 inhibitor, decreased the proton leak rate only marginally (P = 0.10 at 87 mV; Figure 1a ) compared with its large inhibitory effect on the proton leak rate through activated UCP1 (Figure 1c, see below) .
UCP1 activity in yeast mitochondria in the presence of added fatty acids
In the presence of inducers of proton transport through UCP1, such as palmitate, mitochondria from yeast expressing modest levels of UCP1 are known to have much greater proton conductance than empty vector controls under the same conditions [11, 17, 24] . Addition of GDP returns the higher proton conductance of UCP1-containing yeast mitochondria almost to the basal level seen with empty vector mitochondria. In contrast, addition of low concentrations of palmitate has no effect in empty vector controls, showing that the induced uncoupling effect is caused by UCP1 activity [3, 7, 11, 17] . These effects of palmitate were replicated in the present study (Figures 1b and 1e) , showing that mouse UCP1 in our yeast mitochondria was competent and required addition of fatty acid before large proton leak rates could be observed. Mitochondria isolated from wild-type CEN.PK2-1C yeast containing (a-c) pBF307 (for UCP1 expression) or (d-f) an empty vector (pBF254), grown under the same conditions, were incubated in a medium containing 0.1 % defatted BSA as described in the Experimental section. Where indicated, 1 mM GDP, 150 µM 4-HNE and/or 50 µM palmitate were present. Oxygen consumption and mitochondrial membrane potential were varied with D-lactate titration. Points represent means + − S.E.M. for three to seven independent experiments. The dashed line marks 87 mV, the highest membrane potential common to all curves. Figure 2 shows respiration rates (which are proportional to proton leak rates) at the highest membrane potential common to all proton leak curves in Figure 1 , to allow easier visualization of differences in proton leak rate at the same driving force under different conditions. Figure 2 emphasizes the observation in Figure 1 (b) that addition of palmitate activated the proton conductance of UCP1 in yeast mitochondria, and the observation in Figure 1 (e) that palmitate, at the concentration used here, had no effect on the proton conductance of mitochondria lacking UCP1.
UCP1 activity in yeast mitochondria in the presence of 4-HNE
In the presence of fatty acids, 4-HNE activates GDP-sensitive uncoupling in yeast mitochondria containing UCP1, but not in empty vector mitochondria [3] . To investigate whether the increase in mitochondrial proton conductance in the presence of added 4-HNE depends on added fatty acids, the effect of 4-HNE on proton conductance was tested in the absence of added fatty acids. The results are shown in Figures 1(b) and 2 . The addition of Proton leak rates at fixed membrane potential were measured as the respiration rate driving proton leak at the highest membrane potential common to all curves on each day; mean values from different days + − S.E.M. are shown. The mean value for the highest common potential was 87 mV. Results shown are the same as those used to construct Figure 1 . Values of P were calculated using paired Student's t test.
4-HNE to mitochondria containing UCP1 induced only a marginal increase in proton conductance (Figures 1b and 2 ), which did not reach statistical significance (P = 0.06). However, above approx. 120 mV, this increase was also seen in empty vector mitochondria (Figure 1e ), so it mostly reflects UCP1-independent uncoupling in yeast mitochondria. Therefore, in the absence of palmitate, 4-HNE induces little or no proton conductance through UCP1.
UCP1 activity in yeast mitochondria in the presence of added fatty acids and 4-HNE
The kinetics of proton leak in the presence of palmitate and 4-HNE simultaneously were measured in UCP1-containing and empty vector mitochondria (Figures 1b, 1c, 1e, 1f and 2 ). Palmitate and 4-HNE added simultaneously to UCP1-containing mitochondria induced higher proton leak rates at any given membrane potential than palmitate alone (Figures 1b and 2 ). The increased proton conductance was fully sensitive to GDP up to approx. 120 mV (Figure 1c) , above which non-specific effects of 4-HNE become obvious, and (except for these non-specific effects of 4-HNE) was absent from empty vector mitochondria (Figures 1e and 1f ) , indicating that it was mediated by UCP1. Figure 2 analyses the increases in proton leak rate at 87 mV caused by palmitate and 4-HNE. The increase in proton leak rate induced in UCP1-containing mitochondria by simultaneous addition of 4-HNE and palmitate (+ palm + HNE) was higher than that induced by palmitate alone (+ palm) and greater than the 4-HNE-induced and palmitate-induced effects added together ([+ palm] + [+ HNE]) (P = 0.03). There were no comparable effects in the empty vector mitochondria. This clearly shows that 4-HNE and palmitate activate proton conductance via UCP1 in a synergistic manner, and are not simply additive.
Activation of UCP1 proton conductance by 4-HNE and palmitate is synergistic
Fatty acids and cinnamate activate UCP1 synergistically
Compounds structurally related to 4-HNE that contain the reactive 2-alkenal group (e.g. trans-2-nonenoate, trans-nonenal, transretinoate, trans-retinal and trans-cinnamate) also induce an increase in GDP-sensitive proton conductance through UCPs [3] . However, other workers failed to observe activation of UCP1 in yeast mitochondria by cinnamate in the absence of added fatty acid [25] . To test whether the activation of UCP1 by transcinnamate, like activation by 4-HNE, is much more prominent in the presence of fatty acids, we investigated the interdependence of UCP1 activation by palmitate and cinnamate. Figure 3 shows that activation of proton conductance through UCP1 by trans-cinnamate had essentially the same characteristics as activation by 4-HNE. Figures 3(a) and 3(c) show that in the absence of added palmitate, cinnamate caused a significant but rather small increase in proton conductance in mitochondria from yeast containing UCP1. Cinnamate plus palmitate induced a significantly greater increase in proton conductance than palmitate alone or the sum of the effects of palmitate and cinnamate added separately. The effect of cinnamate plus palmitate on proton conductance was sensitive to GDP (Figure 3b ), indicating that it was catalysed by UCP1. Thus cinnamate and 4-HNE activate UCP1 with essentially the same characteristics, and the effect of each is strongly enhanced by the presence of fatty acid.
4-HNE and cinnamate do not increase UCP1-dependent uncoupling by displacing palmitate from BSA
Since the palmitate concentrations used in the present study were subsaturating for UCP1 activation, there is a possibility that 4-HNE and cinnamate induced proton conductance through UCP1 in the presence of palmitate indirectly, by displacing palmitate bound to BSA. This would cause an increase in free palmitate in the medium, and a consequent increase in UCP1 proton conductance.
Hydrocinnamate is structurally similar to cinnamate but lacks the critical double bond at C-2, so it should not activate UCP1 directly [3] . However, the lack of the double bond should have little effect on any displacement of palmitate from BSA. We investigated whether trans-hydrocinnamate induced proton conductance in mitochondria with UCP1 in the presence of fatty acids. Figure 4(a) shows that palmitate plus hydrocinnamate did not induce greater proton conductance than palmitate alone, supporting the previous observations that the 2-alkenal group is a structural requirement for activation of UCPs by reactive alkenals, and suggesting that the activation by cinnamate was not caused by displacement of palmitate from BSA.
A second way to test whether 4-HNE and cinnamate activate UCP1 indirectly by displacing palmitate from BSA is to assay for changes in free palmitate concentrations in BSA-containing media in the presence and absence of 4-HNE or cinnamate. Free palmitate was determined using the fluorescence probe ADIFAB. Figure 4(b) shows that neither 4-HNE (4-HNE/albumin molar ratio of 213, i.e. 21.3 times higher than this ratio during proton leak experiments) nor trans-cinnamate (cinnamate/albumin molar ratio of 2.3, the same as in proton leak experiments) induced an increase in free palmitate in the medium.
A third test is to assay for changes in palmitate bound to a hydrophobic phase in equilibrium with free palmitate. A convenient hydrophobic phase that can be separated out by centrifugation is provided by added freshly isolated mitochondria. Labelled palmitate picked up by added mitochondria will report any changes in free palmitate caused by displacement of labelled (c) Binding of radiolabelled palmitate to mitochondria. Mitochondria from rat liver and kidney were incubated at 0.6 mg of protein/ml in electrode buffer containing 0.1 % defatted BSA in the presence of 50 µM palmitate (palm), 150 µM 4-HNE and/or 150 µM trans-cinnamate (CA) where indicated, and radiolabel associated with the mitochondrial pellet was measured. Bars represent means + − S.E.M. for two (kidney) and three (liver) independent experiments, with three to six replicates per experiment (data from all experiments were pooled, as results showed no difference between liver and kidney). Methods used are described in the Experimental section.
palmitate from BSA when 4-HNE or cinnamate is added. Figure 4 (c) shows that palmitate binding to rat liver or kidney mitochondria in a medium containing 50 µM palmitate and 0.1 % defatted BSA did not change significantly when 150 µM 4-HNE or 150 µM cinnamate was added. These results recap those obtained using yeast mitochondria in an independent study using a similar method [23] . These three independent methods show that 4-HNE and cinnamate do not displace fatty acids from BSA. Therefore these compounds probably increase the proton conductance of UCP1 in the presence of palmitate by directly interacting with the protein.
4-HNE and fatty acids activate UCP1 synergistically in mitochondria isolated from brown adipose tissue
To investigate whether palmitate is required for activation of UCP1 by alkenals in its native environment, the effects of palmitate and 4-HNE on proton conductance mediated by UCP1 were assessed in mitochondria isolated from rat brown adipose tissue. Figure 5(a) shows that the proton conductance of these mitochondria was highest when both palmitate and 4-HNE were present. Figure 5(b) shows that GDP prevented most of the activation, consistent with it being caused by UCP1. As with yeast mitochondria (Figures 1e and 1f ) , 4-HNE also had a small nonspecific effect through GDP-insensitive pathways, particularly at higher membrane potentials (Figure 5b ). Figure 5(c) shows that, at the highest common membrane potential, GDP-sensitive proton leak through UCP1 when both compounds were present (+ palm + HNE) was significantly higher than the combined increase in GDP-sensitive UCP1 activity when the compounds were added separately ([+ palm] + [+ HNE]). Thus activation of proton conductance through UCP1 by 4-HNE and palmitate is synergistic in brown adipose tissue mitochondria just as it is in yeast mitochondria.
DISCUSSION
Our results (Figures 1-3) show that 4-HNE and its analogue transcinnamate are poor activators of proton conductance through UCP1 in the absence of palmitate. In the presence of palmitate, however, these compounds do activate UCP1. Activation is synergistic: the effect of 4-HNE and palmitate when they are both present is significantly greater than the sum of their effects when they are added separately. Synergistic activation depends on the presence of UCP1, since it is not seen in yeast mitochondria lacking mouse UCP1 and is prevented by the classic UCP1 inhibitor, GDP. Synergy is seen when UCP1 is present either in yeast mitochondria or in its native environment of brown adipose tissue mitochondria, suggesting that synergistic activation of the proton conductance of UCP1 by alkenals and fatty acids may be a normal attribute of UCP1 in its physiological context.
In trans-hydrocinnamate, the double bond at C-2 in transcinnamate is replaced by a single bond. Hydrocinnamate does not stimulate the proton conductance of UCP1 even in the presence of fatty acids (Figure 4 ), indicating that this double bond is important for activation of UCP1, in support of previous conclusions [3] .
Tomás et al. [25] did not observe activation of UCP1 activity by added trans-cinnamate in yeast mitochondria. Our observations in Figure 3 replicate and explain this result, since the experiments in [25] were carried out in the absence of added fatty acids. We show in Figure 3 that palmitate greatly enhances the activation of UCP1 by cinnamate. In contrast with trans-cinnamate, alltrans-retinoate, which also contains the 2-alkenal group, is able to activate the proton conductance of UCP1 in both yeast and brown adipose tissue mitochondria, independently of added fatty acids [13, 25] . Retinoate is a stronger activator than palmitate, and activation by retinoate and palmitate is neither additive nor synergistic [13] . We propose that this is because retinoate and other fatty acid-independent activators (such as the retinoid, TTNPB; see [13] ) interact with UCP1 at two separate sites, acting as both fatty acids and reactive alkenals, explaining the lack of synergy with other activators that is seen with these bifunctional molecules (see also [12] ). Cinnamate, despite its carboxy group, appears to be unable to interact with UCP1 as a fatty acid, and 4-HNE and other alkenals lack the required carboxy group, but both cinnamate and 4-HNE can react with UCP1 as reactive alkenals and activate UCP1 synergistically with competent fatty acids.
The proton conductance of UCP1 is greatly enhanced by fatty acids, but whether they are essential for proton transport by UCP1 is controversial. Fatty acids may be essential for the mechanism of proton conductance by UCP1 if this requires transmembrane fatty acid cycling [26, 27] (Figure 6a ) or if fatty acids complete a proton-binding pathway through UCP1 [28, 29] (Figure 6b) . Alternatively, fatty acids may not be required for the proton translocation mechanism, but may activate proton transport indirectly, by overcoming inhibition by purine nucleotides [30, 31] (Figure 6c ). To investigate proton transport by UCP1 while minimizing contaminating fatty acids, UCP1 was reconstituted into liposomes [8, 28] . In this system, addition of fatty acids was required for protein-mediated proton transport activity, supporting the conclusion that fatty acids are obligatory for UCP1 function [8, 28] . In parallel, other authors have tried to eliminate the influence of fatty acids on the proton conductance activity of UCP1 in isolated mitochondria, either by attempting to eradicate fatty acids from mitochondrial preparations [23, 32] or by mathematically accounting for the influence of endogenous fatty acids on UCP1 activity [31] . Results from these studies suggest that UCP1 has native proton transport activity that does not require endogenous or added fatty acids.
The results presented in this paper suggest a dual-site model of the regulation of UCP1 activity in which fatty acids and reactive alkenals interact synergistically but at separate sites (Figures 6d-6f ). In this model, alkenals stimulate the proton conductance pathway, perhaps by altering the conformation of the protein.
Synergy with fatty acids would arise either because fatty acids are needed for the UCP1 proton transport mechanism (Figures 6d  and 6e ) or because they are needed to overcome the inhibition by purine nucleotides (Figure 6f ) .
It is unclear whether activation by reactive alkenals is strictly required for the mechanism of UCP1 proton transport, or whether alkenals simply enhance activity. This is because it is very hard to assess the extent of endogenous UCP1 activation by these reactive alkenals in natural membranes. In such membranes, polyunsaturated fatty acyl chains are easily oxidized, releasing alkenals. Figure 1(b) confirms the extensive literature on brown adipose tissue mitochondria, showing that palmitate is able to activate UCP1 strongly in the absence of added alkenals. However, some lines of evidence suggest that both fatty acids and reactive alkenals are each strictly required for UCP1 activation in vitro. Echtay et al. [8] only observed proton uptake in liposomes containing UCP1 in the presence of both added fatty acids and ubiquinone. Since ubiquinone is not required in yeast containing UCP1, it may have been working indirectly in the liposomes by causing phospholipid oxidation and formation of (essential) reactive alkenals in this otherwise alkenal-free preparation [11] .
In mitochondria, the activation of other UCPs by reactive alkenals and fatty acids appears to differ from the activation of UCP1 by these compounds. In brown adipose tissue and yeast mitochondria, UCP1 can be activated by fatty acids in the absence of added alkenals, which merely enhance the activation. In contrast, we have found that UCP2, UCP3, avian UCP and plant UCP in isolated mitochondria do not transport protons unless alkenals are added (or generated by addition of superoxide or other initiators of lipid peroxidation; see [12, 33] ), whereas fatty acids do not activate and have no effect on the activation by alkenals [3] . There are two possible explanations for these differences between UCP1 and the other UCPs. The affinity of UCP1 for fatty acids, nucleotides and alkenals may be different from the affinities of the other UCPs for these effectors. This might be because UCP1 has been selected for fatty-acid-mediated activation for adaptive thermogenesis, while the other UCPs have been selected for alkenal-mediated activation to protect against superoxide generation. Alternatively, the differences may only be apparent, and may reflect different levels of endogenous contaminating fatty acids, purine nucleotides and alkenals in different preparations. This second possibility is supported by observations in liposomes that UCP2 and UCP3 have the same absolute requirement for fatty acids and ubiquinone as UCP1 [8, 9] , and by differences between laboratories in the requirement for adding each of these effectors to achieve particular activation states of the different UCPs. For example, the requirement for ubiquinone in liposomes is not reported by all laboratories [26] ; UCP1 in isolated mitochondria in the absence of effectors may be fully active [23, 31] or significantly less than maximally activated (Figure 1) , and alkenal activation of UCP1 sometimes requires added fatty acids (Figure 1 ) but sometimes does not [3] . This variability of response to effectors means that it is not currently possible to be sure whether or not UCP1 and the other UCPs are intrinsically different in their responses to fatty acids, nucleotides and alkenals.
What is the physiological relevance of alkenal activation of UCP1? We can speculate as follows, based on current models of UCP1 activation [6] and the results presented in this paper. In the resting brown adipocyte, endogenous concentrations of nucleotides (mainly ATP) keep UCP1 fully inhibited. Under acute adrenergic stimulation, the concentration of fatty acids rises and fatty acids overcome the inhibitory effect of nucleotides, either by providing the missing cofactor for UCP1 activity (Figures 6a  and 6b) or by competing off the functional inhibition by ATP (Figure 6c ), or both. In this situation, however, proton conductance (a-c) Reactive alkenals absent; (d-f) reactive alkenals such as 4-HNE present. (a) UCP1 catalyses fatty acid anion export; then, fatty acids protonate, flip back to the matrix and deprotonate, causing net proton influx [26, 27] . (b) UCP1 catalyses proton influx; fatty acids provide the carboxy group required to complete the proton translocation pathway [28, 29] . (c) UCP1 catalyses proton influx; fatty acids alter binding of nucleotides so that they fail to inhibit proton transport [30, 31] . (d-f) Same as (a-c) but 4-HNE alters the protein at a separate site from the fatty acids, perhaps by covalent reaction and/or conformational changes, to enhance the pathway of anion or proton translocation. The dashed lines in (a-c) indicate that it is unclear whether or not reactive alkenals are essential for the net proton translocation activity of UCP1 (see the text).
is still lower than its full capacity. Fatty acid β-oxidation then provides the substrate for rapid electron transport, but this also generates superoxide [34] that oxidizes membrane phospholipids and produces a cascade of 4-HNE production, synergistically augmenting the original fatty acid activation of UCP1. Proton conductance through UCP1 only achieves its maximum when both fatty acids and reactive alkenals are present. When adrenergic stimulation is removed, fatty acid levels decrease quickly, inactivating UCP1. However, the alkenal activation might be more persistent, allowing a quicker and stronger response to subsequent adrenergic stimulation until the slower up-regulation of UCP1 gene expression leads to chronically increased UCP1 levels in cold adaptation. There is no information on the kinetics of the reversal of alkenal activation to allow evaluation of this hypothesis. A recent study [35] suggested that endogenously generated matrix superoxide does not regulate UCP1 activity and energy expenditure in vivo, since the activity of UCP1 was not altered in brown adipose tissue mitochondria from SOD2 (superoxide dismutase 2) transgenic mice, an animal model with increased SOD activity and lowered superoxide levels in the mitochondrial matrix. However, it may be that the endogenous initiator of UCP1 activation is hydroperoxide (protonated superoxide) within the inner membrane, where it will be unaffected by SOD in the matrix, so these experiments are not definitive.
In conclusion, our results show that alkenals and fatty acids activate the proton conductance of UCP1 synergistically in yeast and brown adipose tissue mitochondria, suggesting that activation of UCP1 is more subtle than previous models have suggested.
